Background: In adolescent idiopathic scoliosis (AIS), the continuous search for effective prognostication of significant curve progression at the initial clinical consultation to inform decision for timely treatment and to avoid unnecessary overtreatment remains a big challenge as evidence of the multifactorial etiopathogenic nature is increasingly reported. This study aimed to formulate a composite model composed of clinical parameters and circulating markers in the prediction of curve progression. Method: This is a two-phase study consisting of an exploration cohort (120 AIS, mean Cobb angle of 25° § 8.5 at their first clinical visit) and a validation cohort (51 AIS, mean Cobb angle of 23° § 5.0°at the first visit). Patients with AIS were followed-up for a minimum of six years to formulate a composite model for prediction. At the first visit, clinical parameters were collected from routine clinical practice, and circulating markers were assayed from blood. Finding: We constructed the composite predictive model for curve progression to severe Cobb angle > 40°w ith a high HR of 27.9 (95% CI of 6.55 to 119.16). The area under curve of the composite model is higher than that of individual parameters used in current clinical practice. The model was validated by an independent cohort and achieved a sensitivity of 72.7% and a specificity of 90%. Interpretation: This is the first study proposing and validating a prognostic composite model consisting of clinical and circulating parameters which could quantitatively evaluate the probability of curve progression to a severe curvature in AIS at the initial consultation. Further validation in clinic will facilitate application of composite model in assisting objective clinical decision.
Introduction
Adolescent Idiopathic Scoliosis (AIS) is a rotational spinal deformity occurring predominantly in 10À13 years old girls with a global prevalence of 1À4% [1] . Severe spinal deformity in AIS is associated with functional morbidities, cardiopulmonary compromise, early spinal degenerative changes and psychosocial disturbance [2] . Owing to unclear aetiology and pathogenesis, bracing, scoliosis-specific exercises [3] and instrumental surgical correction are the only available evidence-based treatment regimes targeting the structural deformity rather than the cause. Cobb angles greater than 40À45°have been considered as threshold for surgical correction [1, 4] ; and bracing Funding: Refer to the acknowledgements. treatment is recommended to patients with AIS with Cobb angles of 20À40° [1] . Currently, younger chronological/skeletal age of patient at presentation, greater initial spine curvature, later onset of menarche are clinical features associated with higher chance of curve progression [5] . Previous systemic review on predictors with pooled prognostic characteristics for curvature progression in AIS indicated limited clinical application and low level of evidence [6] . Therefore, a search for a reliable predictive model for curve progression to severe spinal deformity (Cobb angle of 40°) that would require timely treatment has been an outstanding clinical challenge in the management of AIS.
Since the first genome-wide association studies (GWAS) conducted by Sharma et al. [7] , hundreds of single nucleotide polymorphism (SNP) have been reported in various cohorts comparing AIS and control populations but the majority of them are not replicable in different ethnic groups, and their biological functions in AIS remains unclear [1] . A genetic based prognostic test consisting of a 53-gene panel called ScolioScore has been proposed to identify patients with AIS at low risk of curve progression, but its predictive value is limited [8] . Follow-up replication studies conducted by Tang [9] and Ogura [10] were not able to find the association between the 53 SNPs and curve progression or curve occurrence in French-Canadian and Japanese population, respectively. There is increasing evidence showing heterogeneous curve magnitudes and apical levels in twin studies [11À13], suggesting the determinant roles of nongenetic factors in curve progression. These observations led to the development of a conceptual complex disease model: a geneticdependent initiation phase and a progression phase mediated by undefined environmental factors [14] .
Emerging evidence shows that abnormal bone quality is closely associated with the progression of AIS. We reported low bone mass, defined as a Z-score of the femoral neck areal bone mineral density less than À1 with reference to an age, gender and ethnic matched population, in over 30% of those with AIS [15] . Later, low bone mass was found to be an independent prognostic factor for predicting curve progression in AIS [16, 17] . The root cause of low bone mass in AIS is unclear. Bone histomorphometry studies on bone biopsies from surgical cases indicated abnormally higher bone turnover in AIS [18, 19] . It is speculated that an abnormality of bone metabolism in AIS possibly results in the spine being more vulnerable to deformity. Our recent study firstly revealed a causative relationship between aberrant microRNA-145À5p (miR-145) expression and abnormal osteocyte structure and function in AIS [20] . The miR-145 expression inhibited osteocyte dendritic formation and function by disturbing active b-catenin expression and its transcriptional activity [18] . We also reported negative correlation between plasma miR-145 and serum levels of bone metabolic markers [18] . MicroRNA (miRNA) is a class of endogenous short noncoding RNA that regulates diverse gene expression mainly at the post-transcriptional level [21] . Despite the source of circulating miRNAs being generally diverse, their wide spectrum of biological activity and stable measurability in plasma make them potential biomarkers that can mirror systemic changes occurring in multifactorial disorders [22] . Previous attempts at identifying circulating miRNA signatures that could reflect the status of multifactorial bone diseases and predict accurate fracture risk were reported [23] . These evidences from other pathological conditions suggest that the circulating miRNA profile represents a potential biomarker to reflect the abnormal signalling pathways in AIS.
Considering the involvement of multifactorial pathomechanisms (such as central nervous system dysfunction, abnormal skeletal growth and bone qualities, mechanical disturbance of spinal loading, and aberrant metabolic pathways and endophenotypes), it is more logical to develop a composite model with clinically applicable and interpretable quantitative factors for predicting the probability of progression to severe levels [24] . We hypothesize that a composite model consisting of clinical parameters and serum bone metabolic makers is more appropriate for predicting disease severity in AIS which is characterised as multifactorial pathomechanisms.
Materials and methods

Patient recruitment
As referred by local population based School Scoliosis Screening Service, participants with AIS with maximal Cobb angle 20°were referred to our scoliosis special clinic (one of the two referral centres in Hong Kong) [1] . A total of 171 patients with AIS were recruited.
Anthropometric parameters including body height, body weight and arm span were measured with standard protocols [16, 17] . The diagnosis of AIS was confirmed clinically by two senior orthopaedic surgeons and radiologically with standing full-spine posteroanterior (PA) X-ray. The Cobb angle of the major curve was measured and recorded within a month before or after blood taking. Patients were asked to report the date of first menarche to the nearest to month. The Risser Sign, indicating skeletal maturity was evaluated from the whole spine PA X-ray film. Risser sign is determined according to the following scheme: Stage 0: no ossification center at the level of the iliac crest apophysis. Stage 1: apophysis under 25% of the iliac crest. Stage 2: apophysis over 25À50% of the iliac crest. Stage 3: apophysis over 50À75% of the iliac crest. Stage 4: apophysis over
Research in context
Evidence before this study Despite there is higher concordance rate in monozygotic twins (73%) than dizygotic twins (36%), the considerable discordance in the pattern, level and severity of curve deformity that exists even in monozygotic twins suggests the presence of other nongenetic factors that could interfere with the clinical presentation in AIS. Clinical parameters or novel prognostic factors (such as miRNAs, DNA methylation value and genetic score) have been proposed to predict curve progression in different studies. No study comparing these independent factors or combining them into a composite model.
Added value of this study
The multifactorial nature of AIS complicates the development of specific and sensitive predictive model. This is due to the involvement of complex signaling pathways. Here, we proposed a composite model consisting of clinical and circulating parameters for predicting curve progression beyond 40°at skeletal maturity. Two cohorts with a minimum of 6 years longitudinal follow-up were employed for establishing and validating the composite model. Our findings demonstrated that it is feasible to predict curve progression to severe curvature at first clinical visit.
Implications of all the available evidence
Various independent factors have been proposed to predict curve progression in AIS, however their predictive value remains to be validated with larger cohort and in different ethnic groups. Our findings suggest that it is worthwhile to formulate some of these factors into a composite model to enhance the predictive sensitivity and specificity for this multifactorial disease. Improved prediction shed light on improving timely clinical decisions for early bracing treatment for the potential progressive group and to avoid overtreatment of the likely non-progressive AIS.
>75% of the iliac crest. Stage 5: complete ossification and fusion of the iliac crest apophysis [25] . Blood taking and anthropometric measurement were conducted at the first clinical visit. Radiological Cobb angle was assessed at the first visit and at every six months interval.
All the patients were regularly followed, observed and/or treated with bracing or surgical correction according to standard clinical practice [1] . Initial Cobb angle of recruited participants was smaller than or equal to 34 o . Patients with Cobb angle >40°in either one or more follow-up(s) were defined as the severe group, and those with Cobb angle 40°in entire 6 years follow-ups were defined as the non-severe group. Participants with congenital deformities, neuromuscular diseases, autoimmune disorders, endocrine disturbances or medical conditions that affecting bone metabolism were excluded.
An exploratory cohort included participants (N = 120) who were recruited between April, 2010 and September, 2012, and had com- Written informed consent was obtained from all the participants and their legal guardians before the examinations and measurements were conducted.
Measurement of circulating markers
Peripheral venous blood samples (2 mL) were collected from participants' arm at their first visit in our scoliosis special clinic [20] . Blood was centrifuged at 4°C, 3,000 x g, 10 min. Serum and plasma was aliquoted to minimize freeze-thaw cycle and stored at À80°C for further analysis. Serum samples were sent to Chan & Hou Medical Laboratories Ltd (Hong Kong) for assaying the levels of CTX and P1NP with the Elecsys platform (Roche) [26] . Isolation of circulating miRNA from plasma was performed with miRNeasy plasma advanced kit (217204, Qiagen, Venlo, The Netherlands) according to manufacturer's protocol [27] . A cDNA library was constructed and target miRNA expression level were measured with Taqman@ advanced miRNA assay (Life Technologies, California, USA) [28] . The hsa-miR-16 was chosen as an internal reference after evaluating its stability with BestKeeper (http://www.gene-quantification.de/bestkeeper. html/).
Statistical analysis
The normality of data was tested by Shapiro-Wilk test. Normal data was presented as mean § SD and otherwise presented as median (minimum, maximum). To compare the parameters between those with severe AIS and with non-severe AIS, an independent sample t test was used for the normal data, the Mann-Whitney U test was used for skewed data, and Chi-square test was used for categorical variable. Partial correlations (Pearson test) with adjustment of age were used to determine the correlation (r partial ) between curve severity and clinical and circulating parameters.
The variables, which were significantly correlated with the latest maximum Cobb angle and able to discriminate severe AIS from nonsevere AIS in different tests mentioned above (p<0.05), were selected into the multivariate logistic regression (ENTER). Based on the logistic regression analysis, an equation of risk score to predict Cobb angle > 40°was developed. Receiver operating characteristic (ROC) curve was used to illustrate the predictive ability for severe curve diagnosis of our composite model, and of the individual parameters recruited into the model. The area under curve (AUC) was used to compare whether the model or individual parameters could distinguish patients with severe from AIS patients without progression to severe curvature. Menarche status was dichotomized as follows: 1 = onset of menarche is earlier than the first clinical visit and 0 = premenarche at first clinical visit. To identify the optimal cut-off, we assessed sensitivity, specificity, positive likelihood, negative likelihood and accuracy of different cut-offs in logistic regression equation. We used a cut-off of 0.2, i.e., patients with calculated score greater than or equal to 0.2 were at high risk of progression to 40°or above. This cut-off was selected by consulting orthopedic surgeons after 25 weighing potential harm to miss a true positive case and to prescribe over treatment.
The outcome variable was the time from presentation to development of a curvature greater than 40°. The time was considered as censored at the last clinical visit whose curvature has not reached 40°. Factor considered in the analysis is the logistic score calculated with initial Cobb angle, Risser sign, menarche status, body weight, plasma miR-145 level and serum P1NP level at first visit. The factor is dichotomised as follows: 1 as logistic score 0.2 and 0 as logistic score <0.2. The Hazard Ratio was estimated by fitting Cox proportional-hazards model. P-value < 0.05 (two tailed) indicated statistical significance.
Data collection and analyses were performed by two independent blinded investigators. The investigator who handled the blood sample and assayed serological markers was blinded to information about the participants. A separate investigator was responsible for data analysis and equation construction. Clinicians who completed regular clinic follow-up, and measured the curve severity and clinical parameters were blinded to the blood test result. Analyses were performed using SPSS (version 25; SPSS Inc., Chicago, IL).
Result
Correlation analysis between selected factors and curve severity
Patients with AIS (N = 120) were recruited for a longitudinal study with a mean follow-up of 6.33 § 0.45 years until reaching skeletal maturity. Anthropometric measurements, skeletal maturity status, serum levels of bone turnover markers (CTX and P1NP), and plasma level of miR-145 at their first clinical visit were measured before the start of any treatment for spinal deformity (Table 1) . To identify potential factors associated with the severity of disease, patients with AIS were first divided into severe or non-severe groups according to their Cobb angle of > 40°or 40°during follow-up, respectively. A cut-off of 40°allowed sufficient sample size per group to indicate the likelihood of requiring aggressive and early treatment. When compared with patients without progression to severe curvature, 27 patients with AIS who progressed to a severe curvature were characterized by a higher initial Cobb angle (p < 0.001, by Mann-Whitney U test), lower body weight (p = 0.009, by Independent sample t-test), delayed menarche (p = 0.008, by Chi-squared test), and lower Risser sign (p = 0.002, by Mann-Whitney U test) at their first visit despite presenting similar chronological age (shown in Table 1 ). For the circulating markers, patients with AIS progressed to a severe Cobb angle (> 40°) had significantly lower level of plasma miR-145 (p = 0.018, by Independent sample ttest) and higher serum level of P1NP (p = 0.033, by Independent sample t-test) at their first visit (shown in Table 1 ).
Partial correlations between clinical parameters or the serological markers and the maximum Cobb angle at the latest visit with adjustment of age were reported in Table 2 . Years since Menarche (r partial = À0.195, p = 0.033), plasma miR-145 (r partial = À0.288, p = 0.002) and serum P1NP level (r partial = 0.219, p = 0.019) were significantly correlated with the latest maximum Cobb angle ( Table 2 ). Associations between Body weight and Risser Sign with the latest Maximum Cobb angle reached marginal significance. Result of the partial correlation analysis showed that the factors with significant difference in Table 1 were associated with the latest Cobb angle. Therefore, we included Initial Max Cobb, Menarche Status, Body Weight, Risser Sign and level of miR-145 and P1NP in the logistic regression model.
Establishing a composite model to predict curve progression
We developed a logistic regression equation to calculate risk score for progression to over 40°with the selected risk factors (Nagelkerke R 2 of 0.575).
Risk score of Progression to over 40°=( The sensitivity, specificity, predictive value, likelihood ratios and calculated accuracy at different cut-off levels are summarized in Table 3 . A cut-off level of 0.2 had a sensitivity of 91.7% and a relatively high specificity of 79.8%, and was adopted in subsequent evaluation. Risk score > 0.2 indicated a patient at higher progression risk into severe curvature.
Assessment of accuracy of the composite model
The ROC curve analyzed accuracy of clinical parameters with AUC. Fig. 1 showed menarche status with AUC of 0.64 (95% CI=0.52À0.76), body weight with AUC of 0.67 (95% CI=0.56À0.78) and Risser sign with AUC of 0.69 (95% CI=0.58À0.80). The AUC of serological markers was also calculated. Fig. 1 demonstrated plasma miR-145 level with AUC of 0.61 (95% CI=0.50À0.72) and serum P1NP level with AUC of 0.64 (95% CI=0.52À0.76). Compared to other single factor, initial max Cobb angle had higher value of AUC of 0.87 (95% CI=0.80À0.94). Composite model had highest AUC value of 0.93 (95% CI=0.88À0.98) ( Fig. 1) , indicating the increased accuracy of the composite model when compared with other individual factors. Data on progressionfree survival were available for 120 AIS participants with mean follow-up of 6.33 § 0.45 years, which showed that composite model offered significant prognositication (p < 0.001, by cox proportional hazard model) with Hazard Ratio of 27.9 (95% CI=6.55À119.16) ( Fig. 2 ).
Validating the accuracy of predictive model in an independent cohort
With promising results from the previous investigation, the suitability and accuracy of the composite model was further assessed in a separate cohort with same recruitment criteria described in methodology (Table 4 ). Clinical features and levels of serological markers (Table 4 ) of 51 patients with AIS had no significant difference to that of previous cohort (Table 1 ). Risk score of each participant was calculated with parameters collected at first visit. Table 5 showed that 8 patients with risk score > 0.2 had curve progression > 40°, while 36 out of 39 patients with calculated risk score < 0.2 were not progressed into 40°. Validation analysis showed that the logistic regression model with cut-off of 0.2 had an accuracy of 86.3%, a sensitivity of 72.7% and a specificity of 90%.
Discussion
Our study established a composite model of clinical parameters and circulating markers and proved its validity to predict whether the patient with AIS would progress into curvature over 40°after reaching skeletal maturity at early clinical visit. In our cohort, the percentage of progressing into severe curve is 22.5% (=27/120). Our study proved the possibility of applying a composite model to predict severity of curvature of AIS at early clinical visit. Table 3 showed performance of different cut-offs. Cut-off of 0.2 was chosen in following analysis for demonstration in terms of sensitivity of 91.7%. High sensitivity of predictive model avoids the missing of true severe cases. However, the specificity of 79.8% indicates probability of 20.2% to prescribe false positive cases with overtreatment. Theoretically, a satisfactory predictive model needs sensitivity >95% and specificity > 95%. With the current proof of concept, a refined model will be subjected to larger cohort and involvement of more potential clinical and/or serological markers [4] . We calculated basal hazard ratio (of 27.9) to indicate that the patient with risk score 0.2 at first visit had 27.9 times higher risk to progress to Cobb angle of above 40°when compared with the patient with risk score < 0.2. Fig. 3 proposed a schematic flow chart of how the composite model could be implemented and beneficial to clinical practice. Information is collected from routine clinical practice at their first clinical visit, including initial maximum Cobb angle, menarche status, weight, and Risser sign. Circulating markers at baseline will be assayed for serum P1NP and plasma miR-145 levels accordingly. The collected information can be used to calculate the risk score with the composite model. Based on the experience in our special scoliosis centre in Hong Kong which belongs to public hospital system, additionally 10 min is required for blood taking. For the assay, the whole procedure for miRNA measurement can be completed in 4 h; and 1 day for P1NP measurement as it is done by third part in our study. Also, the cost for miRNA-145 and P1NP measurements is USD 60 in our current practice. We believed that the time and cost can be reduced if the whole procedure can be streamlined further. It is expected to have the predictive result presented to patients and allow clinician making decision of treatment on time without extra burden of economy and time. Using a cut-off level of 0.2, AIS would be at higher risk of progression into Cobb angle > 40°if risk score> or =0.2. Clinician are able to decide necessary management such as long bracing wearing (e.g. full time bracing wearing) per day, early surgery intervention, or aggressive treatment to patient with Cobb angle less than 25°instead of traditional observation. However, current study did not provide information on effect of treatment to outcome of disease severity. To support the application of composite model in clinical practice, two research question need to be further addressed: 1) What is the best cut-off of the composite model? 2) How is the treatment effect of aggressive treatment prevent patient at predictive high risk? With further validation in larger cohort, the risk score is expected to provide quantitative reference to clinician to make decision on disease management and to minimize unnecessary overtreatment to patient with AIS, with the primary good wish to provide them a better quality of life and less burden.
To be noted, the uniqueness of proposed model is the first time to combine clinical parameters and circulating markers in predictive model for AIS. In current clinic practice, the prediction of curve progression of these patients is mainly empirical, based on initial Cobb angle, age and menarche status. Our findings suggested that maximum Cobb angle, menarche status, body weight and Risser sign measured at the first clinical visit were closely associated with disease severity of AIS. Therefore, in the composite model, chronological age was replaced with Risser sign and menarche status to better reflect skeletal age and maturity during curve progression [1] . Result of Fig. 1 indicated maximum Cobb angle, as a single risk factor, showed a promising accuracy compared to other single risk factors.
Publication on genetic factors, circulating miRNA levels and DNA methylation level proved the concept of using circulating markers to predict disease progression of AIS [6, 8] . The clinical application of these reported markers are limited by poor reproducibility, knowledge gap in mechanistic evidence, and unclear association to curve progression [6] .
Previously clinical studies on the lower bone mass in AIS have laid the foundation for the possible link between curve progression and abnormal bone metabolism, as well as the selection of bone metabolism markers in the present study. In vitro studies have revealed abnormal cellular activities of primary osteoblasts in response to melatonin, leptin and estrogen in AIS [29À31]. Serum bone turnover markers, such as bone specific alkaline phosphatase (bALP) and soluble receptor activator of nuclear factor-kappaB ligand (RANKL) are associated with curve severity [32, 33] , but none of them are validated predictive factor for curve progression [6] . miR-145 regulated osteocyte differentiation and activities has been reported in our previous study [20] . It is interesting to note that miR-145 could also modulate the proliferation and differentiation of muscle cells by inducing reprogramming of fibroblast into smooth muscle cell, and differentiation of neural crest stem cells into vascular smooth muscle during muscle development [34] . Incidentally, higher muscle activity with larger muscle mass, more type I muscle fibers, less fibrosis and fatty involution has been reported on the convex side of the apical vertebra in AIS [35, 36] . It is speculated that imbalanced muscle activities between convex and concave side could be associated with spinal deformity of AIS given that muscle changes could be a reaction to the bio-mechanic demands of the convexity [1] . We speculate that the changing level of circulating miR-145 in AIS could be associated with phenotypic changes in bone and muscle in AIS and could serve as an important prognostic biomarker. Our findings indicate that serum P1NP and plasma miR-145 are closely associated with potential of curve progression and disease severity in AIS (Tables 1 and 2 ). The inclusion of these two circulating markers in the composite model is believed to reflect part of the complex pathological condition underlying abnormal bone metabolism in AIS.
About 80% of patients with AIS are prescribed with bracing or other treatment to prevent progression [37] . Bracing is the most recognized non-surgical treatment for skeletally immature patients with Cobb angle between 20°and 40°(1). The success rate of bracing is 70À75% subjected to initial brace correction quality, brace design, treatment compliance, adequate duration as well as clinical monitoring of X-ray at each clinical visit [37] . Given the physical and psychological burden, it is a critical clinical need to explore a method of distinguishing patients with AIS whose curvature are at high risk to reach 40°during pubertal growth period. The risk factors were selected because of significant difference between progression AIS with non-progression AIS, which suggested that selected candidates were potentially associated with severity of curvature in AIS.
There are several limitations of this study. 1) The sample size in the longitudinal cohort is not sufficient and solely based on Chinese AIS girls which may lead to overlooking or overwhelming the importance of the selected indicators. A blinded multi-centers and multi-ethnic groups or identical twin study are warranted to validate the flexibility and plausibility of the proposed model in assisting scoliosis treatment. 2) Due to the complex nature of AIS, the selected circulating markers may not be able to reflect the whole spectra of pathological condition in all patients with AIS. Future study is warranted to identify more promising predictive factors which could be included in this kind of composite model to increase the prediction power and to extend the potential application on predicting time of progression. In summary, we herein propose a clinically accessible and interpretable predictive model for predicting the risk of disease severity which have the potential to facilitate the planning of appropriate timely treatment, and to avoid over-treatment during early clinical visit. Our longitudinal cohort with six years follow-up demonstrated the abnormal baseline plasma miR-145, serum P1NP level and certain clinical parameters in the progressive AIS group. We validated a logistic regression equation not only with power of prediction in curve severity, but also provided a new quantitative system to clinic with a clear cut-off reference. Subjected to further longitudinal multi-centre validation with the younger patients with AIS from different ethnic groups to prove an optimized cut-off with acceptable sensitivity and specificity, the composite model could help to inform timely clinical decisions on bracing treatment for the potential progressive group and to avoid over-treatment of the likely non-progressive AIS. 3.81 À 7.12 a The value for "the plasma level of miR-145 00 is the fold change relative to the level of the housekeeping reference miR-16. A log of the plasma level of miR-145 with the base e is calculated. b The level of CTX P1NP in the serum is represented as mg/L. A log of CTX/P1NP concentration with the base e is calculated and used. c Menarche status, 1 = onset of menarche is earlier than the first clinical visit and 0 = premenarche at first clinical visit. d Risser sign is presented as frequency of each level of Risser score. 
